Summer precipitation in continental midlatitude regions is significantly contributed by local recycling, i.e., by moisture returning to the atmosphere through evapotranspiration from the same region. On the other hand, reduced soil moisture availability may limit evapotranspiration rates with effects on the planetary boundary layer dynamics through the partitioning between sensible and latent heat fluxes. Thus, a dependence may exist between precipitation and antecedent soil moisture conditions. Here we provide theoretical and experimental evidence in support of the hypothesis that in continental regions summer soil moisture anomalies affect the probability of occurrence of subsequent precipitation. Owing to these feedbacks, two preferential states may arise in summer soil moisture dynamics, which thus tend to remain locked either in a ''dry'' or a ''wet'' state, whereas intermediate conditions have low probability of occurrence. In this manner, such land-atmosphere interactions would explain the possible persistence of summer droughts sustained by positive feedbacks in response to initial (spring) surface moisture anomalies.
T
he understanding of the water cycle in midlatitude continental regions is still controversial, because of the difficulty of assessing land-atmosphere interactions and their effect on summer precipitation. A number of studies have provided evidence either in support of (1) (2) (3) (4) (5) or against (6-8) the hypothesis of a positive feedback between summer soil moisture and subsequent precipitation in such regions. General Circulation Model (GCM) simulations have shown that anomalies in spring͞ early-summer soil moisture can affect the regime of summer precipitation in North America (2, 9) . Depending on the occurrence of wet (dry) spring anomalies, the system remains locked for the rest of the warm season in a state with above (below) average precipitation. The positive feedback between soil moisture and rainfall can be sustained also by changes in large-scale circulation caused by initial soil moisture anomalies (10, 11) . GCM analyses have shown (i) the ability of land-atmosphere interactions to enhance and sustain droughts (or floods) (2); (ii) the dependence between the magnitude and timing of an initial anomaly and the intensity and duration of its effects (i.e., droughts or floods) (12) ; and (iii) how the initial anomaly may arise from natural climatic variability (9) .
Reanalysis data and back-trajectory algorithms (13, 14) aimed at determining the moisture sources in central North America found that summer precipitation over the Mississippi basin is contributed up to 30-40% by local evapotranspiration, depending on whether the summer is dry or wet. Other estimates (15) have confirmed the importance of precipitation recycling to the regional water cycle in continental regions. More recently, ref. 5 used GCMs to provide evidence that the persistence observed in patterns of warm-season precipitation is associated with the land-atmosphere feedback. Ref. 1 analyzed both precipitation and soil moisture records and found a significant correlation between precipitation and previous soil moisture conditions, suggesting the existence of a feedback mechanism between soil water content and subsequent precipitation. In a subsequent study (16, 17) the same authors used a simplified onedimensional model of atmospheric boundary layer to show how, depending on the early-morning atmospheric conditions, soil moisture may indeed trigger deep convection in some midlatitude continental regions. These results suggest that the soil moisture-precipitation feedback acts mainly through rainfalltriggering mechanisms. Similar conclusions were also reached in ref. 18 . As a consequence, soil moisture is expected to affect more the frequencies of rainfall occurrences than the amount of rainfall yielded by each storm.
Link Between Rainfall Frequency and Soil Moisture
Here we show that daily rainfall occurrences are significantly dependent on previous soil moisture conditions and we relate this soil moisture-precipitation feedback to the emergence of preferential states in the dynamics of summer soil moisture. We use data available for the central part of North America to analyze the dependence existing between regional soil water content and subsequent daily rainfall occurrences. A direct assessment of this dependence is possible for the state of Illinois, where a unique network of soil moisture stations provides biweekly measurements for the period 1981 to the present (19, 20) . This region has been argued to be affected by local recycling and soil moisture-rainfall feedbacks (1, 2, (13) (14) (15) (16) (17) . Fig. 1A shows a plot of average storm frequency, , as a function of statewide average soil moisture for a station centrally located in the region of interest. The biweekly soil moisture observations were interpolated in time and then averaged across Illinois to provide daily estimates of statewide average soil water content in the top 50 cm. For each summer day (i.e., May 1 to September 30 between 1980 and 2002) the rainfall frequency in the subsequent 21 days was calculated and related to the regional average soil moisture. Daily rainfall data (National Oceanic and Atmospheric Administration͞National Climatic Data Center) were taken from the station of Peoria, IL. Different soil depths and lengths of the temporal intervals used for the storm frequency estimation provided weaker rainfall-soil moisture dependence. A similar analysis was carried out for the average storm depth, ␣ (Fig. 1B) . Interestingly, the results show the existence of a relatively strong dependence (r 2 ϭ 0.87) between frequency of rainstorm occurrences and antecedent soil moisture conditions ( Fig. 1 A) , whereas almost no correlation (r 2 Ϸ 0) exists between soil water content and subsequent storm depths (Fig. 1B) .
To further support the previous finding, we repeated the same analysis with rainfall records from 27 precipitation stations uniformly distributed across the state of Illinois: three stations were selected within each of the nine climate divisions defined by the National Climatic Data Center (www.ncdc.noaa.gov͞oa͞ documentlibrary͞normals͞usmap.pdf). The dependence between the statewide average soil moisture (in the top 50 cm of soil) and the average frequency, , and depth, ␣, of precipitation in the subsequent 21 days was investigated. It was found that in all these stations was significantly dependent on precedent soil moisture conditions, whereas the average storm depth had a weaker correlation with the soil water content in the previous days. These results are shown in Fig. 2 , where data from all of the 27 stations are reported as a function of soil moisture, and a linear fit provides a regional assessment of the dependence of storm frequency and depth on antecedent soil moisture conditions.
The previous results seem to indicate that the soil moisturerainfall feedback acts through an enhancement of the likelihood of rainfall occurrence, rather than through an increase in the amount of rain yielded by each storm. This feature of the land-atmosphere feedbacks supports the theoretical results of refs. 16, 18, 21, and 22, and it could have important implications for the interpretation of the impact of land-atmosphere interactions on the dynamics of the terrestrial water cycle. It should be noticed, however, that the observed link between soil moisture dynamics and frequency of rainfall events is only a necessary but not a sufficient condition for the existence of causality relations between soil moisture and subsequent rain. Thus, the hypothesis that other factors may be responsible for the observed correlation (i.e., Figs. 1 and 2 ) cannot be ruled out. Yet, in what follows we will show that our hypothesis of soil-atmosphere interaction is consistent with the observed persistence in daily soil moisture data when interpreted in the light of a theoretical model that explicitly incorporates a soil moisture dependence of rainfall events.
Preferential States in Soil Moisture Dynamics
Although much effort has been spent in understanding the physical mechanisms linking precipitation to previous soil moisture conditions (16, 17, 23) , the implications for the soil moisture dynamics have been less investigated. Refs. 24 and 25 developed a simplified model of soil water balance at the annual time scale that explicitly accounts for rainfall recycling. Such a model provided a theoretical underpinning to the fact that the soil- atmosphere system can exhibit two preferential states corresponding to a dry and wet mode of the annual soil moisture probability density function. However, no observational evidence of the existence of such preferential states, or of the functional dependence existing between precipitation and regional soil water content, has been provided up to now.
Using the soil moisture statistics obtained for Peoria, here we provide experimental evidence of the existence of preferential states in the summer dynamics of soil moisture. As shown in Fig.  3 , a well defined bimodality is present in the frequency distribution of soil moisture observations, indicating a relatively high likelihood for the summer soil moisture dynamics to be either in a dry state or in a wet state, in the same region where evidence of soil moisture-rainfall feedback was found (e.g., Figs. 1 A and  2 A) . The bimodality in the distribution is also consistent with the nonparametric test of ref. 26 , which allows us to reject the hypothesis that the available soil moisture measurements are sampled from a unimodal distribution. This finding is robust with respect to changing soil moisture station (at least 12 of 18 stations showed clear bimodality) and depth (top 10, 30, and 50 cm). Moreover, to rule out the possibility that soil moistureprecipitation feedbacks and the bimodality were induced by the seasonality of soil moisture and precipitation, the same analysis was repeated with summer seasons of different length (MaySeptember and June-August). In both cases we consistently found the existence of soil moisture-precipitation dependence and multimodality in the soil moisture distribution. The fact that in this region the late growing season can be considered to be practically under statistically steady conditions is also confirmed by the analyses of ref. 27 .
A Simple Theoretical Interpretation
A simplified mathematical description of the stochastic soil water balance, valid at the daily time scale and explicitly accounting for the soil moisture dependence of storm frequency (see Appendix and also ref. 28) , can be used to corroborate the hypothesis that the bimodality in soil moisture dynamics is a direct consequence of the soil moisture dependence of rainstorm frequency due to soil-atmosphere feedback (Fig. 1 A) . The analytical solution of the steady-state probability density function of the stochastic model with a linear dependence of storm frequency on soil moisture is shown in Fig. 3 (solid line) . The bimodal shape favorably compares with the frequency distribution directly determined from the data (Fig. 3, histograms) . Moreover, the bimodality emerges only if is a function of soil moisture (Fig.  1 A) , whereas it disappears when is assumed to be constant, i.e., independent of soil moisture (Fig. 3, dashed line) .
Thus, a state-dependence in the timing of the forcing of the terrestrial water balance is found to be able to generate bimodality in the probability distribution of soil water content, suggesting that the positive feedback between soil moisture and the timing of precipitation may lead to the observed emergence of two preferential states in summer soil moisture dynamics.
Conclusions
This study advances the understanding of important features of the water cycle and of summer hydroclimatic dynamics at the midlatitudes. Experimental and theoretical evidence has been provided in support of the hypothesis that a soil moistureprecipitation feedback exists in the course of the warm season. An empirical functional dependence has been determined between soil moisture and frequency of subsequent storm events. The analysis of extensive soil moisture records has also been used to assess the emergence of two preferential states in the summer soil water balance.
Using the analytical results of a stochastic soil moisture model valid at the daily time scale, we showed these preferential states to be consistent with a soil moisture-dependence of rainfall frequency. These results show not only that land-atmosphere feedbacks may sustain and enhance the effect of initial moisture anomalies occurring at the beginning of the warm season, but also that, because of such feedbacks, summer soil moisture dynamics evolve toward either a dry or a wet state in which the system may remain locked for the rest of the warm season.
Appendix
Following the approach proposed in ref. 28 , a suitable soilmoisture dependence of the frequency of rainfall events may be included in the stochastic soil moisture model of refs. 29 and 30 to obtain a more realistic description of the role of soil moistureprecipitation feedbacks. In this manner, compared with the analysis of refs. 24 and 25, the stochastic soil moisture model allows us to account for the distinction between frequency and amount of rainfall events in soil-atmosphere interaction, providing an efficient yet parsimonious description of the soil water balance valid at the daily time scale.
Briefly, the water balance at the daily time scale for a surface soil layer of thickness, Z is expressed as
where s is relative soil moisture (0 Յ s Յ 1, with s ϭ 1 at saturation), n is the soil porosity, I(s, t) is the rate of rainfall infiltration, and L(s) are losses due to evapotranspiration and deep infiltration. I(s, t) is modeled as a nonhomogeneous Poisson process (28) of storm occurrences with rate (s) (i.e., average storm frequency). Each storm has a depth, r, modeled as an exponentially distributed random variable of mean ␣ (29, 30) . To account for mechanisms of soil saturation, at each storm occurrence, rainfall infiltration is equal to either the storm depth, r, or to the soil storage capacity, nZ(1 Ϫ s), whichever is less. Losses due to evapotranspiration and deep infiltration are modeled as a deterministic function of s (30) (Fig. 1 A) .
where s fc is soil moisture at field capacity, K s is the saturated hydraulic conductivity, ␤ is a parameter of the moisture retention curve (30) , E max is the rate of (unstressed) evapotranspiration, E vap the rate of evaporation from the ground, s* is the soil water content in conditions of incipient water stress, and s w is the soil moisture at the so-called wilting point. For s Ͻ s w , L(s) linearly decreases, reaching a zero value at s ϭ s h (hygroscopic point).
The analytical integration of Eq. 1 provides the steady-state probability density function of soil moisture (28, 30) . Full details on the rationale of the model and the methods of solution are provided by refs. 28 and 30. In particular, in ref. 28 we show that the stochastic differential equation (Eq. 1) with state-dependent Poisson noise may show interesting phase transitions, which could be the underlying mechanisms for the emergence of spatial and temporal patterns of hydroclimatic states due to soilatmosphere interaction.
In Fig. 3 the loss function parameters are (27) E max ϭ 0.33 cm͞d; K s ϭ 2.0 cm͞d; s h ϭ 0.14; s fc ϭ 0.55; and s* ϭ 0.75. This choice of the soil parameters is consistent also with the soil type at Peoria (20, 31) . The other soil parameters are s w ϭ 0.18, n ϭ 0.445 (31) , and active soil depth, Z ϭ 50 cm (27) . E vap is equal to 0.02 cm͞d. Summertime average storm depth at Peoria is ␣ ϭ 8.8 mm (Fig. 1B) .
